Millimeter wave (mmWave) channels in device to device (D2D) communication are susceptible to blockages in spite of using directional beams from multi-input multi-output (MIMO) antennas to compensate for high propagation loss. This motivates one to look for the presence of obstacles while forming D2D links among user equipments (UEs) which are in motion. In D2D communication, moving UEs also act as relays to forward data from one UE to another which introduces the problem of relay selection. The problem becomes more challenging when the obstacles are also in motion (dynamic obstacles) along with the moving UEs. First we have developed a probabilistic model for relay selection which considers both moving UEs and dynamic obstacles. Then we have analyzed the probability of dynamic obstacles blocking a link in 3D Euclidean space by exploiting the information from MIMO radar connected to the base station. Finally, using this information, we have developed unique strategies based on simple geometry to find the best relay which maximizes the expected data rate. Through simulations we have shown that our proposed strategy gives a significant improvement in packet loss due to mobility of nodes and dynamic obstacles in a mmWave channel over the traditional approaches which do not consider dynamic obstacle's presence.
I. INTRODUCTION
Device to device (D2D) communication enables proximity devices or user equipments (UEs) to communicate among each other bypassing base station (BS). Millimeter wave (mmWave), suitable for short range D2D communication, is studied widely due to its high available bandwidth and capacity. High propagation loss of mmWave is compensated by multi-input multioutput (MIMO) antennas which makes directional communication possible using beam-forming techniques [1] . However, mmWave suffer from severe penetration loss, e.g., 40 dB loss for outdoor tinted glass at 28 GHz [2] , indicates requirement of almost a line of sight (LOS) communication for a given D2D link.
Relay selection problem, which is one of the important problem to be studied in D2D communication, can be used to divert the communication path to mitigate the effects of outages due to blockages. Several studies have been carried out to mitigate the effect of obstacles [3] - [5] . However, these studies take into account the static nature of obstacles, which may not be true in practice where there may be dynamic obstacles moving throughout the given service area. The problem arising due to uncertainty caused by dynamic obstacles becomes more challenging when the nodes or UEs participating in the D2D communication are also in motion [6] . In this case, even static obstacles become dynamic relative to moving UEs. However, this scenario of static obstacles can be dealt with ease, but the difficulty in the problem arises when moving obstacles come into picture.
To account for dynamic nature of the obstacles, we have leveraged the information from radars which uses Doppler effect, a phenomenon widely applied in various domains like, human localization [7] , gesture recognition [8] and recently for search and rescue operation [9] . High reflection coefficient of mmWave in outdoor materials [2] makes them suitable for utilizing the Doppler effect phenomenon as in radars. Blockage detection performance of radars co-deployed with cellular system is analyzed in [10] . Efforts for leveraging MIMO radar with mmWave communication system has been studied in [11] . Since motion of UE along with dynamic obstacles is inevitable to analyze the probable LOS communication which is important criteria for choosing the best mmWave link. We study the problem of relay selection where UEs and obstacles both are moving leveraging the use of radars. We first design a simple geometric technique to capture the movement of dynamic obstacles and UEs. Then using this geometric analysis, we develop an algorithm to choose the best relay from the set of available relays which can provide the maximum expected data rate. Finally, we have compared and shown that our algorithm outperforms the traditional approaches which do not consider the effect of dynamic obstacles.
II. SYSTEM MODEL
Network: An operator-controlled (network-assisted) scenario of the device-tier of 5G D2D architecture mentioned in [12] consisting of mobile nodes and a single base station (BS) is considered. Time is discretized as t, t + 1, . . ., where ∆t is time difference between t and the next instance t + 1. A graph G t (N t , E t ) represents set of mobile nodes N t and interconnection between them as set of edges E t . For nodes i and j, (i, j) denotes edge between them and adj t (i) is set of node i's neighbors at time t. UEs are moving independently and links are formed independently of each other. We denote speed (velocity vector), elevation angle and azimuth angle of
, α t i and β t i respectively, which are known at the BS. The acceleration of node i is 0 for ∆t time duration. Nodes are point objects in 3D Euclidean space.
is the position vector of node i. Euclidean distance between nodes i and j is d t ij at time t. We can calculate coordinates for node i at t + 1 as:
The distance of node i from the BS at time t is denoted as r t i . Obstacles: Service regions has L static (set L={1, · · · , L}) and K dynamic (set K={1, · · · , K}) obstacles which may obstruct a given link (i, j). We leverage radar with BS to measure positions of dynamic obstacles with some detection probability p t k [10] , where the obstacles follow line Boolean model with centers distributed as independent homogeneous Poisson point process (PPP) with density Λ o and all other parameters as given in [10] . The radar locations are independent homogeneous PPP with density Λ R . The obstacles are considered as point objects with position vector − → T t m :
as the indicator variable representing if any of the obstacle m block the link (i, j) during ∆t then I t+1 ij =0 otherwise I t+1 ij =1. mmWave Channel: A directional M × M square antenna array is used at both transmitters and receivers (gains G t & G r respectively) and assumed to be perfectly aligned to obtain the maximum power gain [1] . Signal to noise ratio
is the signal strength received at j from i at time t + 1 in presence of obstacles. Considering both the large scale fading path loss as well as penetration loss due to obstacles, we can further say,
ψ is a received power component due to fading of signal & pp t+1 ij = 1 Γp is received power component due to penetration loss. P t i is the constant transmitted power from node i and K is a constant dependent on wave characteristics. ρ is the path loss exponent (PLE) and ψ is the shadowing random variable. Γ p → ∞ is the penetration loss due to blockage from an obstacle implying the presence of a single obstacle may break a mmWave link.
III. PROBLEM FORMULATION & PROBABILISTIC MODEL
A link (i, j) formed at time t may get disconnected at time t+1 due to mobility of the nodes or may get blocked by some obstacle during this ∆t duration. Our objective is to maximize the expected data-rate while taking care of packet loss and average delay considering node's movement and blockage due to obstacles. Hence for a given node i, we want to find a relay node j such that,
ij ] denotes the expected capacity of link (i, j) at the next time instance t + 1. Let us define a Boolean variable e t ij , which is 1, if there is an edge between nodes i and j at time t, and 0, otherwise. Thus e t ij = 1 implies P (S t ij ≥ S th ij ), where S th ij is SNR threshold required on link (i, j). We want to find links such that S t+1
We know that link (i, j) is going to fail at the next time instance t + 1 with probability
ij and e t ij are independent as nodes i and j are moving independently and also the K obstacles are moving independently of each other. For example, a link between two static nodes at time t may get disconnected at t + 1 due to moving obstacles. Hence we can write S t+1
= 0) and which implies:
where γ ij is the threshold on received power to satisfy the given data-rate requirements and I t+1 ij indicates that the link is not blocked in the upcoming time instant t + 1.
IV. ANALYZING EFFECTS OF MOBILITY AND OBSTACLES
Finding Direction, Position and Movement of Nodes: BS of height z BS located at (0, 0, z BS ) will store the location of moving UEs at time t respectively using the analysis as shown in figure 1 
Similarly we can compute positions of static and dynamic obstacles. We now look into the path of a moving object (UE or dynamic obstacle) for ∆t duration as follows: a moving UE i positioned at − → T t i at time t will move with velocity V t i for duration of ∆t to arrive at new location −−→ T t+1 i at time t+1. This movement for a short time duration ∆t is a straight line as shown in figure 1 
where, δ ∈ (0, 1). Similarly the motion path ( − − → T ∆t k ) of a dynamic obstacle k ∈ K as shown in figure 1 (iii) can also be defined. Static obstacle l ∈ L positioned at − → T l (time superscript is removed) is stationary throughout the experiment. We can compute d t+1 ij using −−→ T t+1 i and −−→ T t+1 j , which is then used to compute pl t+1 ij for a given realization of ψ and respective PLEs. Hence P (pl t+1 ij ≥ γ ij |I t+1 ij = 0) of equation (2) is 1 if pl t+1 ij ≥ γ ij otherwise 0. Now we will compute P (I t+1 ij = 0). Analyzing Obstacles' Presence: We must capture the location of static obstacles and motion path of dynamic obstacles in order to find P (I t+1 ij = 0) as:
where p t k is the detection probability of the dynamic obstacle k ∈ K at time t. P int ij k and P int ij l are the probabilities that the link under consideration is not blocked by any of the obstacles in set K and L respectively. We will now calculate P int ij k and P int ij l for various possible cases: 1) Both nodes are stationary, 2) one of the two nodes is moving and 3) both nodes are moving. We first describe case 2) where one of the nodes is moving and rest of the cases can be reduced to it.
One of the two nodes is moving (case 2): First we give a special case where the moving node j's movement is 
(iv) Node i is static and j is moving. towards or away from the stationary node i where the angle of movement is 180 • or 0 • respectively with respect to the line
Their movement path is a straight line for duration ∆t denoted as
For static obstacles we have to find if ∀l ∈ L, − → T l do not lie on − − → T ∆t ij , then P int ij l = 1 otherwise P int ij l = 0. For dynamic obstacles, we need to check for ∀k ∈ K, − − → T ∆t k do not intersects − − → T ∆t ij then P int ij k = 1 else 0. Now we look at the scenario when node j moves at angle relative to node i other than that from the set {0 • , 180 • }. This case is described in figure 1(iv) . At time t, node j is inside the range of node i and arrow denotes the direction of motion of node j. The shaded region denotes a bounded region B ∆t
where × denote vector cross product, − − → T ∆t p denotes the position vector (x t , y t , z t ). The shaded region B ∆t ij is also called as the communication region where communication takes place during ∆t duration is vulnerable to obstacles. For all static obstacle l, we need to check if − → T l do not lie inside B ∆t ij , then P int ij l = 1 else P int ij l = 0. To check for dynamic obstacles ∀k ∈ K, we need to solve for intersection of − − → T ∆t k with P ∆t 1 in equation (5 
denotes the normal vector to the plane P ∆t 1 . To categorize all the above mentioned cases, we need to find the dot product ofk ∆t and − → u ∆t , if it is 0 then − → u ∆t andk ∆t are orthogonal and hence the plane is parallel to − − → T ∆t k . In this case there are two possibilities, first − − → T ∆t k may lie outside plane and is parallel to the plane (case i) and second when − − → T ∆t k lies on the plane (case ii) as mentioned above. To further distinguish between these two, we need to find dot product of ( − → T t i − − → T t k ) and − → u ∆t . If this value is zero then line is contained in the plane (case ii) otherwise line is outside the plane (case i). For case i, when line − − → T ∆t k is outside the plane and parallel to it then the obstacle k, ∀k ∈ K do not interfere with the communication region. For case ii, − − → T ∆t k lies inside the plane P ∆t 1 . Since we have a bounded region (which is the communication region), we need to figure out if obstacle's line equation − − → T ∆t k lies inside this region or not. To check this we perform following two step procedure for all the dynamic obstacles k ∈ K: step a) Check if moving obstacle's line equation − − → T ∆t k intersects with any of the three sides of the bounded region B ∆t 1 , i.e., Cases 1 & 3: This is a special case which can be derived from above case. For the case 1), where both nodes are stationary the obstacles line equation needs to be checked for intersection with that for the two nodes instead of a plane equation as mentioned above. For case 3) when both nodes are moving we will have two different line segments − − → T ∆t i and − − → T ∆t j . Both of these lines can form a co-planer or non coplanar region (skew). When the lines are skew then difficulty arises. We solve this problem by taking relative positions and velocities of all obstacles and one of the two nodes with respect to the other node which is kept at rest frame. We will get three new points forming a new communication region in the new frame of reference. Now this case reduces to the above mentioned scenario where only one of the node is in motion. Due to space limitations we are skipping the detailed analysis which can be found in [14] .
Relay Selection Algorithm: The dynamic-obstacle (D-Obs) based relay selection algorithm using our analysis for all cases is presented in algorithm 1 which takes O(n(L + K)) running time per hop, where n is the size of adj t (i). This runs hop by hop till the data is received at destination. [15] is considered. Thermal noise density is −174 dBm/Hz and P t i is 18 dBm. C t ij =B·log 2 (1+SN R) bits/sec, where B=20 M Hz is bandwidth and SNR threshold is taken to be 20 dB. Packet length is fixed as 65535 bytes and Λ R =0.001 [10] . A single source-destination pair is considered for simplicity and all other devices act as relay. We run our experiments for upto 3-hops and averaging it per-hop. We are analyzing the effect on packet loss due to K, network load, V max and ∆t. We are comparing the results of our algorithm with metrics based on RSS and a contention based forwarding (CBF) approach [16] which select relay node based on signal strength and shortest distance from destination respectively.
V. EXPERIMENT AND RESULTS
The results in figures 2, 3, 4 and 5 shows that our D-Obs outperform other mentioned algorithms due to the reasons that it takes care of the dynamic obstacles and hence packet loss is controlled. With increasing obstacles chances of blockage increases. Higher speed range and ∆t cause node to cover long distance and increase in chance of blockage due to large distance. As network load increases, more packets in transit and hence more packet loss chance. Similar results for throughput can be found in [14] which is omitted here due to space limitations.
VI. CONCLUSION
We formulated the problem of relay selection by capturing the effect of dynamic obstacles and node's mobility and taking care of packet loss and average delay. To capture the motion of dynamic obstacles, we leveraged the radar employed with base station which would detect them with certain probability. Later we used simple geometry to analyze and derive unique solutions to compute the best relay node. Results show that our approach D-Obs outperforms other classical algorithms by appropriately capturing the effects of obstacles & mobility.
